Hair cells are the mechanosensory receptors of the inner ear, responsible for hearing and balance. Hair 31 cell death and consequent hearing loss are common results of treatment with ototoxic drugs, including the 32 widely-used aminoglycoside antibiotics. Induction of heat shock proteins (HSPs) confers protection 33 against aminoglycoside-induced hair cell death via paracrine signaling that requires extracellular HSP70 34 (Heat Shock 70 kDa Protein). We investigated the mechanisms underlying this non-cell-autonomous 35 protective signaling in the inner ear. In response to heat stress, inner ear tissue releases exosomes that 36 carry HSP70 in addition to canonical exosome markers and other proteins. Isolated exosomes from heat-37 shocked utricles were sufficient to improve survival of hair cells exposed to the aminoglycoside antibiotic 38 neomycin, while inhibition or depletion of exosomes from the extracellular environment abolished the 39 protective effect of heat shock. Hair-cell specific expression of the known HSP70 receptor, Toll-like 40 receptor 4 (TLR4), was required for the protective effect of exosomes, and exosomal HSP70 interacted 41 with TLR4 on hair cells. Our results indicate that exosomes are a previously undescribed mechanism of 42 intercellular communication in the inner ear that can mediate non-autonomous hair cell survival.
Introduction
functions in the cochlea and vestibular organs, respectively. A variety of stresses can kill hair cells, shocked utricles showed positive immunogold labeling for HSP70, with gold particles clustered around 209 the exosome membrane ( Figure 7B -C). Control samples treated with only the gold-conjugated secondary 210 antibody showed no HSP70 immunoreactivity (data not shown). These results confirm our proteomics 211 and Western blot data demonstrating that utricle-derived exosomes carry HSP70 (Table 1) , and they 212 suggest that HSP70 is associated with the exosomal membrane, either directly by integration into the lipid 213 bilayer or indirectly by forming complexes with transmembrane proteins, as has been reported for HSP70 214 in exosomes from other systems (26, 47-50).
215
A function-blocking antibody against HSP70 (51, 52) was used to investigate whether exosome-216 associated HSP70 is required for the protective effect of exosome application ( Figure 7D ). Utricles 217 exposed to neomycin showed significant death of hair cells, which was again reduced by the application 218 of isolated exosomes. This protective effect was abolished when isolated exosomes were pre-treated with 219 a function-blocking antibody against HSP70. The HSP70 function-blocking antibody alone had no effect 220 on hair cell survival ( Figure 7D ). These data indicate that HSP70 is critical for the protective effect of 221 exosomes, and that HSP70 is at least partially exposed on the exosome surface, where it is accessible by 222 the anti-HSP70 antibody.
223
To examine whether non-exosomal HSP70 is sufficient for protection, we applied soluble HSP70 224 to neomycin-treated utricles ( Figure 7E ). A stringent quantification of hair cell density was employed by 225 manually counting surviving hair cells in the entire posterior region of treated utricles (average area: 226 80,000 µm 2 ). While application of exosomes isolated from heat-shocked utricles again improved hair cell 227 survival in neomycin-treated utricles, addition of exogenous HSP70, (i.e. HSP70 not associated with 228 exosomes), was not protective ( Figure 7E ). These results indicate that association of HSP70 with 229 exosomes is required to induce a pro-survival response in hair cells, and they imply that additional 230 exosomal properties and/or cargo also contribute to the protective effect of exosome application.
231
Together, our data indicate that HSP70 is associated with the membrane of utricle-derived 232 exosomes, and that this exosomal HSP70 is required for the protective effect of exosomes against 233 neomycin-induced hair cell death.
235
examine the HSP70-TLR4 interaction in utricles from TLR4 cKO mice. As expected, puncta indicating 264 interaction were observed for both HSP70-HSP40 (positive control) as well as HSP70-TLR4 in wild-type 265 utricles ( Figure 8C ). Both of these interactions increased significantly after heat shock ( Figure 8C ). In 266 contrast, interaction between HSP70 and TLR4 was not detected above background in TLR4 cKO mice in 267 either control or heat shock conditions ( Figure 8C , G). Together, these data demonstrate that exosomal 268 HSP70 interacts with TLR4 at the hair cell surface, and the specificity of this interaction is confirmed by 269 our data that either blockade of HSP70 or genetic deletion of TLR4 from hair cells abolishes this 270 interaction.
271
Our data reveal a biological function for exosomes in the inner ear. Previous work has shown that 274 activation of the heat stress response improves hair cell survival in the face of toxic stress. We present 275 evidence that exosomes are critical intercellular mediators of the protective effect of heat shock against 
288
Thus, our data indicate that exosomes are both necessary and sufficient for protection against hair cell 289 death caused by neomycin.
291
Inner Ear Exosomes carry Heat Shock Protein 70 292 Extracellular HSP70 promotes survival of hair cells exposed to ototoxic drugs; however, the mechanism 293 by which HPS70 is secreted has been unclear (18). Our data indicate that HSP70 is released from inner 294 ear cells by incorporation into exosomes. We detected HSP70 in isolated exosomes via tandem mass 295 spectrometry, Western blot, and immunoelectron microscopy. By immunoelectron microscopy, HSP70 296 appears to be associated with the exosomal membrane. This idea is further supported by the observation 297 that incubation of purified exosomes with a function-blocking antibody against HSP70 abolished their 298 protective activity, suggesting that HSP70 is at least partially exposed on the exosome surface and thus 299 secretion via exosomes (20, 23, 62, 63). Exosomal HSP70 affects target cell protein homeostasis (64), 301 and HSP70 on the exosomal surface has repeatedly been implicated in immune cell activation, 302 particularly in the context of cancer (26, 47-50, 63). Notably, functional exosome-associated HSP70 303 appears to be important for interaction with immediate downstream receptor(s) in the inner ear, since 304 antibodies against HSP70 inhibited the HSP70-TLR4 interaction in hair cells ( Figure 8 ). This finding is in 305 agreement with data in myeloid-derived suppressive cells, where targeting membrane-associated HSP70 306 with an aptamer blocked the ability of exosomes to bind to toll-like receptor 2 (TLR2) (65).
307
This work identifies exosome-associated HSP70 as an indispensable factor for hair cell survival in 
396
Offspring that inherited the Atoh1-Cre transgene had Tlr4 conditionally deleted from hair cells and are 397 referred to as "TLR4 cKO" mice. Offspring that did not inherit the Atoh1-Cre transgene were used as 398 littermate controls. 
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Exosomes and the non-exosomal fraction (supernatant) were purified from utricle-conditioned media 919 using differential ultracentrifugation (see Figure 2B ) and applied to neomycin-treated utricles. 
